Loss of the q22 band of chromosome 16 is a frequent genetic event in breast cancer, and the candidate tumor suppressor gene, ATBF1, has been implicated in breast cancer by genomic deletion, transcriptional down-regulation, and association with better prognostic parameters. In addition, estrogen receptor (ER)-positive breast cancer expresses a higher level of ATBF1, suggesting a role of ATBF1 in ER-positive breast cancer. In this study, we examined whether and how ATBF1 affects the ER function in breast cancer cells. We found that ATBF1 inhibited ER-mediated gene transcription, cell growth, and proliferation in ER-positive breast cancer cells. In vitro and in vivo immunoprecipitation experiments revealed that ATBF1 interacted physically with the ER and that multiple domains in both ATBF1 and ER proteins mediated the interaction. Furthermore, we demonstrated that ATBF1 inhibited ER function by selectively competing with the steroid receptor coactivator AIB1 but not GRIP1 or SRC1 for binding to the ER. These findings not only support the concept that ATBF1 plays a tumor-suppressive role in breast cancer, they also provide a mechanism for how ATBF1 functions as a tumor suppressor in breast cancer.
Breast cancer is the most common malignancy in women, with approximately one in eight women affected in their lifetime. Endogenous estrogens are thought to play an important role in the initiation and progression of breast cancer. Longer exposures to estrogens result in an increased risk for breast cancer (1) (2) (3) (4) . The biological function of estrogens is believed to be mediated largely by estrogen receptors, mainly the alpha subtype (ER␣ or ER 2 hereafter) (5) . In normal mammary epithelial cells, the level of ER fluctuates during the menstrual cycle in response to cyclical changes in estrogens. In breast cancer, however, the normal control of ER expression and func-tion is interrupted, which contributes significantly to the initiation and progression of breast cancer (6, 7) . ER regulates the expression of a variety of target genes through the recruitment of coregulators, including coactivators and corepressors that mediate local chromatin remodeling as well as communications with the basal transcriptional apparatus (8) . Coregulators are often present in limiting amounts in cells, and modifications of their levels of expression and/or structure lead to alterations in the ER function (8) . Coactivators such as steroid receptor coactivators (SRCs) are both necessary and sufficient to initiate the ER-mediated gene transcription (9) .
On gene promoters that contain estrogen response elements (EREs), SRCs (also referred to as p160 family) including AIB1 (NCOA3/ACTR/TRAM1/SRC3), GRIP1 (TIF2/SRC2), and SRC1, form heterodimers, as either AIB1⅐GRIP1 or AIB1⅐SRC-1, to bind directly to ER to enhance its transcriptional activity in a hormone-dependent fashion. Three nuclear receptor (NR) boxes, also known as LXXLL motifs, are centrally located in all three SRC proteins to mediate their binding to a nuclear receptor (10) . The significance of SRCs in breast cancer has been an area of extensive study. AIB1 is the only SRC family member that is strongly amplified and overexpressed in human breast cancer and implicated in tamoxifen resistance (11) (12) (13) (14) (15) . AIB1 promotes tumorigenesis and is essential for HER2-driven oncogenesis in mice (16 -18) . In contrast, corepressors are crucial for balancing the ER-mediated transactivation by controlling the magnitude of estrogen responses, leading to inhibition of ER or repression of ER binding to DNA and conferring an active repression of ER target genes (19) . Loss of ER corepressors promotes breast cancer and leads to resistance to hormone therapy (19) . Therefore, studying ER and its coregulators may help develop diagnostic and therapeutic strategies for breast cancer.
AT motif-binding factor 1 (ATBF1) is a transcription factor of 3703 amino acids containing one ATPase A-motif, two DEAH box-like sequences, four homeodomains, and 23 zinc finger motifs involved in transcriptional regulations and protein-protein interactions (20) . ATBF1 appears to function as a tumor suppressor gene in prostate cancer, as its inactivating somatic mutations and genomic deletion have frequently been detected (21) , and inherited mutations could confer an increased risk for prostate cancer (22) . In breast cancer, the ATBF1 locus is frequently deleted and ATBF1 mRNA expression is significantly down-regulated, although few mutations have been detected (23) (24) (25) (26) . ATBF1 mRNA is expressed at sig-nificantly higher levels in breast cancers without lymph node metastasis, with smaller tumor volumes (Ͻ2 cm) or that were ER-positive (26) . These observations suggest a role for ATBF1 as a tumor suppressor gene in breast cancer in which ER may be involved.
In this study, we investigated whether and how ATBF1 affects the ER function in ER-positive breast cancer cells. We show that ATBF1 inhibited ER-mediated gene transcription, cell growth, and proliferation and that ATBF1 modulated the ER function by selectively competing with AIB1 but not GRIP1 or SRC1 for binding to ER.
EXPERIMENTAL PROCEDURES
Plasmid Constructs-Plasmids of estrogen-responsive reporter ERE-TK-Luc and pCMV-ER were kindly provided by Drs. Eliot Rosen and Saijun Fan of Albert Einstein College of Medicine (27) . The FLAG-ER plasmid was constructed by subcloning the open reading frame (ORF) of the ER gene into the FLAG-pcDNA3 vector (Invitrogen). HA-GRIP1 plasmid in the pSG5 vector was kindly provided by Dr. Michael Stallcup of the University of Southern California (28) . Plasmids of FLAG-AIB1 in the FLAG-TAG-2B vector and FLAG-SRC1 in the pSG5 vector were kindly provided by Drs. Sophia Tsai and Bert O'Malley of Baylor College of Medicine (29) . Plasmids of FLAG-ATBF1 and HA-ATBF1 were obtained by subcloning the ORF of the ATBF1 gene from the pcMATBF1w plasmid, a gift from Dr. Yutaka Miura (30) , into FLAG-pcDNA3 and HA-pKXUa1 vectors from Dr. J. T. Murphy of Emory University (31) . Deletion mutants of ATBF1 and ER were created by PCR-based approaches with FLAG-ATBF1 and pCMV-ER plasmids as templates and HA-pcDNA3 (Invitrogen) and FLAG-pcDNA3 as vectors. Primer sequences for creating deletion mutants ATBF1A, ATBF1B, ATBF1C, ATBF1D, ATBF1E, ATBF1F, ATBF1D1, ATBF1D2, ATBF1D3, ATBF1D4, ATBF1D5, ATBF1D6, ATBF1D7, ATBF1F1, ATBF1F2, ATBF1F3, ATBF1F4, ATBF1F5, and ATBF1F6 for ATBF1 and ERN, ERC, ER1, ER2, ER3, ER4, and ER5 for ER are available on request.
Cell Lines and Reagents-For details, see the supplemental "Materials and Methods."
Cell Growth and Proliferation Assays-Cell growth and proliferation were analyzed by conducting sulforhodamine B (SRB) staining and DNA synthesis assays. ER-positive breast cancer cell lines T-47D and MCF-7 cultured in phenol-free media supplemented with 5% charcoal dextran-stripped FBS for 3 days were seeded in 12-well plates at a density of 0.5 ϫ 10 5 cells/well with [2-14 C]thymidine added into the medium for DNA synthesis assay as an internal control. On the following day, after being washed three times with medium to remove unincorporated thymidine, T-47D cells were transfected with FLAG-ATBF1 or control plasmids, and MCF-7 cells were transfected with siRNA against ATBF1 or control siRNA. Eight hours after transfection, E 2 or its vehicle control alcohol was added to culture media (the E 2 final concentration was 1 M). Forty-eight hours after transfection, media in culture plates for the SRB staining assay were replaced with that containing 800 g/ml G418, and cells were cultured for another 8 days with media changed every 2 days. Media in plates for DNA synthesis assay were replaced with that containing [methyl-3 H]thymidine, and cells were incubated for another 4 h for thymidine incorporation. Cells for the SRB staining assay were washed three times with PBS after selection, fixed with 10% trichloroacetic acid, and stained with SRB. Protein amounts, which indicate the cell number, were measured as optical densities as described previously (21) . Cells for DNA synthesis assay were washed three times with PBS and transferred onto glass microfiber filters (VWR Scientific) to measure 3 H and 14 C radioactivities in Scin-tiSafe Econo 1 solution (Fisher Scientific) using an LS6500 multipurpose scintillation counter (Beckman Coulter). The rates of DNA synthesis were indicated by the ratio between 3 H and 14 C readings in each sample.
Luciferase Reporter Assay-A luciferase reporter assay in transfected cells was performed as described previously (32) .
RNA Interference (RNAi)-Chemically synthesized small interfering RNAs (siRNA; Dharmacon, Chicago) were used for RNAi. Four pieces of ATBF1-specific siRNA targeting different regions of ATBF1 mRNA, including 5Ј-AGCGGAGAUUUGA-AACCAU-3Ј (siRNA 1), 5Ј-AGAAUAUCCUGCUAGUACA-3Ј (siRNA 2), 5Ј-CAGGAGGAAUCGUUUAAGC-3Ј (siRNA 3), and 5Ј-GAAGAACAAAUUGGUCAUC-3Ј (siRNA 4), were chemically synthesized and tested for efficiency in the knockdown of ATBF1 mRNA by real time PCR. siRNA 2 showed the highest efficiency in ATBF1 knockdown and was used throughout the study. Two negative control siRNAs were used. One was chemically synthesized luciferase siRNA with a sequence of 5Ј-CUUACGCUGAGUACUUCGAUU-3Ј. The other was purchased from Dharmacon and had a sequence of 5Ј-AAUUCU-CCGAACGUGUCACGU-3Ј, which does not match any human genomic sequences (33) . SiPORT NeoFX and lipid reagents (Ambion, Austin, TX) were used for siRNA transfection. The efficiency of RNAi was monitored by either real time PCR or Western blot analysis.
Gene Expression Analysis-Gene expression was measured by real time PCR as described previously (32, 34) . The primer sequences were as follows: ATBF1, 5Ј-TGTTCCAGATCG-AGATGGGAAT-3Ј and 5Ј-CTTTCCCAGATCCTCTGAG-GTTT-3Ј; cathepsin D (CATD), 5Ј-ACTGCTGGACATCGCT-TGCT-3Ј and 5Ј-TGTCAAACGAGGTACCATTCTTC-3Ј; EBAG9, 5Ј-CCAGATGGGAGCACAGGTTTCTCTAG-3Ј and 5Ј-TTCCTTTGTTGTTCGGCTGCTCTC-3Ј; and GAPDH, 5Ј-GTGGTCCAGGGGTCTTACTC-3Ј and 5Ј-TTCAAC-AGCGACACCCACTC-3Ј.
Immunoprecipitation (IP) and Western Blot Analysis-Cells for different treatments grown in 100-mm dishes were washed twice with ice-cold PBS and then lysed in modified radioimmune precipitation assay buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.5, 1% CA630, 0.25% Na-deoxycholate, and protease inhibitor mixture). Cell lysates were centrifuged to collect supernatants, which were then incubated overnight with different antibodies, as indicated in the legends for Figs. 4, 6A, S1, and S2, and then for another 1 h with protein A-agarose (Millipore, Billerica, MA) with rotation at 4°C. After washing three times with modified radioimmune precipitation assay buffer, immunoprecipitates were released by boiling for 10 min in 50 l of 2ϫ SDS-PAGE loading buffer, resolved in 10 -15% SDS-PAGE, and then blotted with different antibodies, as indi-cated in the legends for Figs. 4, 6A, S1, and S2, following standard Western blot procedures.
GST Pulldown Assay-A glutathione S-transferase (GST) pulldown assay was performed following our published procedures (35) , and GST-ATBF1D3 fusion protein was expressed and purified as described above under "Cell Lines and Reagents." ER protein was produced by in vitro translation in the presence of [ 35 S]methionine (GE Healthcare) using TNT Quick-coupled Transcription/Translation Systems (Promega) as described previously (36) . Ten g of GST-ATBF1D3 recombinant protein or GST alone was mixed with 10 l of in vitro translated ER protein, and the mixture was incubated in the GST pulldown binding buffer (10 mM HEPES, pH 7.6, 3 mM MgCl 2 , 100 mM KCl, 5 mM EDTA, 5% glycerol, and 0.5% CA-630) with rotation at 4°C for 2 h. Fifty l of glutathione-Sepharose beads was then added to the mixture and incubated on a shaker at 4°C for another 2 h. The beads were washed three times with GST pulldown binding buffer and boiled in 50 l of 2ϫ SDS-PAGE loading buffer. Released proteins were resolved on 10% SDS-PAGE gels that were then dried and exposed to x-ray films to detect the pulled down proteins.
Chromatin Immunoprecipitation (ChIP) Assay-MCF-7 and T-47D cells were treated as indicated in the legend of Fig. 6B , and ChIP assays were performed using the ChIP assay kit (Millipore) with anti-AIB1, anti-GRIP1, anti-SRC1, and anti-ER antibodies following our published procedures (36) . Precipitated DNA was analyzed by PCR with the following promoterspecific primers for CATD and EBAG9 genes: CATD, 5Ј-GGT-TTCTCTGGAAGCCCTGTAG-3Ј and 5Ј-TCCTGCACCTG-CTCCTCC-3Ј; EBAG9, 5Ј-ATTGTCTGCCCTTCGCCGT-3Ј and 5Ј-TTTGGAGGCTGCGTGCTTT-3Ј. Human ␤-actin gene was used as a control with the following primers: 5Ј-CGGAGGGCGCCCCAACTCAG-3Ј and 5Ј-GCGCGCGC-GGCCCCAGAACA-3Ј.
Statistical Analysis-A Student's t test or Fisher's exact test was used to determine the p values for comparisons between different groups. A p value less than 0.05 was considered statistically significant.
RESULTS

ATBF1 Protein Expression in Breast Cancer Cell Lines-To
identify proper cell models for studying ATBF1, we evaluated ATBF1 protein expression in a panel of breast cancer cell lines by Western blotting. In nine ER-positive breast cancer cell lines tested, the level of ATBF1 protein was higher in MCF-7 cells, moderate in ZR-75-1 cells, lower in HCC1395 and ZR-7-30 cells, and not detectable in the remaining cell lines including T-47D ( Fig. 1 ). Among eight ER-negative breast cancer cell lines tested, ATBF1 protein expression was higher in MDA-MB-453 and HCC1937, moderate in MDA-MB-468, lower but detectable in HCC1143, HCC202, HCC1806, and SK-BR-3, and not detectable in MDA-MB-231 ( Fig. 1 ). On the basis of these results, we selected ER-positive cell lines MCF-7 and T-47D and the ER-negative line MDA-MB-231 for further use. We also used the prostate cancer cell line 22Rv1 as an ER and ATBF1 double-negative cell line because it does not express ER (37) and has a frameshift mutation that truncates the majority of ATBF1 protein (21) .
ATBF1 Inhibits ER-mediated Cell Growth and Proliferation in ER-positive Breast Cancer Cells-It is well established that ER plays a promoting role in the growth and proliferation of breast cancer cells (6, 7) . We reasoned that as a transcription factor ATBF1 might interact with ER to modulate its function in regulating the cellular responses of mammary epithelial cells to estrogens in breast cancer. To test this idea, we performed cell growth and proliferation assays to examine whether ATBF1 inhibited ER-promoted cell growth and proliferation. In these experiments, cells were grown in phenol-free media supplemented with 5% charcoal dextran-stripped FBS for 3 days before use. In ER-positive MCF-7 cells, which have a higher level of ATBF1 protein ( Fig. 1 ), knockdown of ATBF1 enhanced the rate of cell proliferation by 51% (p Ͻ 0.05) when E 2 treatment was applied as measured by DNA synthesis rates, but it had no significant effect in cells without E 2 treatment ( Fig. 2A) . In ER-positive T-47D cells in which ATBF1 protein was not detectable ( Fig. 1 ), reconstitution of ATBF1 expression had no significant effect on cell proliferation in the absence of E 2 , but it inhibited cell proliferation by 32% (p Ͻ 0.01) in the presence of E 2 (Fig. 2B ).
An SRB staining assay further confirmed the observations from the DNA synthesis assay. Although knockdown of ATBF1 in MCF-7 cells did not significantly change the number of cells after 8 days without E 2 treatment, it increased the number of cells by 58% (p Ͻ 0.01) in the presence of E 2 (Fig. 2C) , indicating an inhibitory role of ATBF1 in ER-mediated cell growth. Consistently, in T-47D cells, reconstitution of ATBF1 expression did not significantly inhibit cell growth in the absence of E 2 but suppressed cell growth by 30% (p Ͻ 0.005) in the presence of E 2 (Fig. 2D ). Knockdown of ATBF1 in MCF-7 cells and restored expression of ATBF1 in T-47D cells were confirmed by Western blotting (Fig. 2, E and F) . These results indicate that when ER is activated, ATBF1 inhibits ER-mediated cell growth and proliferation in ER-positive breast cancer cells.
ATBF1 Inhibits ER-mediated Gene Transcription-ER promotes cell growth and proliferation by regulating the expression of a variety of target genes (8) . Therefore, we examined whether ATBF1 also inhibited the ER-mediated gene transcription. We first examined the effect of ATBF1 on the expression of endogenous ER target genes. We selected two well estab- OCTOBER 22, 2010 • VOLUME 285 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 32803 lished ER target genes, CATD and EBAG9 (10), for analysis. In MCF-7 cells, whereas the expression of these genes was low and knockdown of ATBF1 had no significant effect on gene expression in the absence of E 2 , knockdown of ATBF1 significantly increased the expression of both CATD and EBAG9 in the presence of E 2 (Fig. 3A) . Consistently in T-47D cells, reconstitution of ATBF1 expression significantly inhibited the expression of both CATD and EBAG9 in the presence of E 2 but not in the absence of E 2 (Fig. 3D ). Knockdown of ATBF1 in MCF-7 cells and restored expression of ATBF1 in T-47D cells were confirmed by Western blotting (Fig. 3, B and E) . These results suggest that ATBF1 inhibits ER-mediated gene transcription in ER-positive breast cancer cells.
ATBF1 Inhibits ER Function
We further examined the effect of ATBF1 on the transactivation activity of ER using an estrogen-responsive promoter. In ER and ATBF1 double-positive MCF-7 cells, ATBF1 expression was knocked down by siRNA transfection, which was followed by transfection of the ERE-TK-Luc estrogen-responsive promoter reporter plasmid. Without E 2 treatment, the reporter showed little activity, regardless of ATBF1 knockdown; but when E 2 was added, the reporter showed a high level of activity, and knockdown of ATBF1 significantly enhanced the activity (Fig. 3C ). The efficiency of ATBF1 knockdown was confirmed by real time PCR (data not shown). Consistently, in ER-positive but ATBF1-negative T-47D cells, cotransfection of ERE-TK-Luc reporter plasmid and different amounts of FLAG-ATBF1 plasmid showed that although the reporter had little activity without E 2 treatment, it had a strong activity in the presence of E 2 , and ATBF1 expression significantly inhibited the reporter activity in a dosedependent manner (Fig. 3F ). Consistent results were also obtained in two other ER-negative cell lines, MDA-MB-231 and 22Rv1, in which, when the ER pathway was activated by transfecting an ER expression plasmid and adding E 2 to the medium, a significant reporter activity was detected, and the transfection-mediated ATBF1 expression significantly inhibited the reporter activity in a dose-dependent manner (data not shown). Similar to effects in T-47D cells, when ER was not reconstituted the reporter had no activity in MDA-MB-231 and 22Rv1 cells, and ATBF1 had no effect on the promoter activity (data not shown). These results further indicate that ATBF1 inhibits the ER function in the gene transcription and that the inhibition is E 2 -dependent. Protein-Protein Interaction between ATBF1 and ER-ER regulates the expression of a variety of genes through recruiting and interacting with coregulators including coactivators and corepressors to mediate the local chromatin remodeling and communicate with the basal transcriptional apparatus (8, 38, 39) . ATBF1 is also a transcription factor bound to DNA (40) . It is therefore possible that ATBF1 interacts directly with ER. To test this hypothesis, we first examined the peptide sequence of ATBF1 for the existence of an NR-box motif (-LXXLL-), which has been shown to mediate protein interaction with ER (41). One consensus NR box (LXXLL) and 31 of its variants LXXXL (leucine at the fourth residue is substituted) were identified (Fig. 5A) . These NR boxes could be specifically recognized by ER, thus mediating an interaction with ER (41) .
We then examined whether ATBF1 and ER co-existed in the same protein complex. The ER and ATBF1 double-negative 22Rv1 cells grown in hormone-depleted media were transfected with expression constructs for FLAG-ATBF1 and ER (pCMV-ER), treated with E 2 , and subjected to immunoprecipitation with anti-FLAG affinity gel and Western blotting. ER protein was precipitated efficiently in ATBF1-and ER-transfected cells regardless of E 2 treatment but not in control cells transfected with an empty vector and ER plasmid (Fig. 4A) . These results indicate a specific interaction between ATBF1 and ER proteins in transfected cells.
To further determine whether ATBF1 interacts with ER, the FLAG-ATBF1 expression plasmid was transfected into ER-positive T-47D cells, and immunoprecipitation with anti-FLAG affinity gel was performed. Endogenous ER was detectable in the protein complexes precipitated only in FLAG-ATBF1transfected T-47D cells but not in control cells (Fig. 4B ). Finally, we performed immunoprecipitation with anti-ATBF1 antibody in MCF-7 cells, which express higher levels of ATBF1 protein and ER, and Western blotting with anti-ER antibody. Endogenous ER was clearly detected in the protein complexes precipitated with anti-ATBF1 antibody (Fig. 4C ). Taken together, these results further indicate a protein interaction between ATBF1 and ER. Again, the endogenous interaction between ATBF1 and ER was detected regardless of E 2 , although more ER could have been precipitated when E 2 was present.
We also performed a GST pulldown assay to examine whether the interaction between ATBF1 and ER occurred directly or was mediated by certain adaptor proteins. Considering that ATBF1 is a large protein (about 400 kDa) and thus would be challenging to express in full size in bacteria, we used a smaller deletion mutant, ATBF1D3, which was found to still interact with ER (see "Mapping of Domains That Mediate the Interaction between ATBF1 and ER" below). We expressed GST-fused ATBF1D3 (GST-ATBF1D3) recombinant protein in Escherichia coli, incubated it with 35 S-labeled ER protein, and performed pulldown assays. The ER protein was efficiently pulled down by GST-ATBF1D3 but not by GST alone (Fig. 4D) , indicating a direct interaction between ATBF1 and ER.
Mapping of Domains That Mediate the Interaction between ATBF1 and ER-To further evaluate the interaction between ATBF1 and ER and to identify specific domains of ATBF1 that mediate the interaction, we created different deletion mutants of ATBF1 and ER and analyzed them for their role in the interaction by co-IP and Western blotting. First, six overlapping deletion mutants that spanned the entire ATBF1 coding region, including ATBF1A to ATBF1F, were created in a HA-tagged form and co-transfected with FLAG-ER into 22Rv1 cells, which were then subjected to co-IP and Western blotting. ATBF1D and ATBF1F interacted with ER, but ATBF1A, ATBF1B, ATBF1C, and ATBF1E did not ( Fig. 5A and supplemental Fig. S1A ). To further narrow down the regions in ATBF1D and ATBF1F that mediate the interaction between ATBF1 and ER, we then created smaller deletion mutants for ATBF1D and ATBF1F and tested for their interactions with ER. After two rounds of deletion mapping, four deletion mutants spanning three independent regions of ATBF1 still showed interactions with ER, including ATBF1D3 and ATBF1D4 (residues 1800 -2050), ATBF1D6 (residues 2100 -2300), and ATBF1F5 (residues 3161-3280). Further deletion of these three mutants spanned by ATBF1D3, ATBF1D4, ATBF1D6, and ATBF1F5 abolished their interactions with ER ( Fig. 5A and supplemental Fig. S1, B-D) . The deletion mutant spanned by ATBF1D6 (residues 2100 -2300) contains the consensus LXXLL NR binding motif and four of its variants. The deletion mutant between residues 1800 and 2050 spanned by ATBF1D3 and ATBF1D4 contains two LXXXL NR box variants, whereas the deletion mutant between residues 3161 and 3280 spanned by ATBF1F5 does not contain any LXXLL or LXXXL motif.
We also mapped specific ER domains that mediate the interaction between ER and ATBF1 using these same approaches ( Fig. 5B and supplemental Fig. S2, A and B) . Two independent FIGURE 3 . Inhibitory effect of ATBF1 on ER-mediated transcriptional activity. A-C, knockdown of ATBF1 in ER-positive MCF-7 cells, which was confirmed by Western blotting (B), significantly increased the transcription of ER target genes (A) and the estrogen-responsive element-mediated reporter activity (C) caused by E 2 treatment. SiLuc, siControl, and siATBF1, siRNAs against the luciferase gene, negative control siRNA (purchased from Dharmacon), and siRNAs against ATBF1, respectively. D-F, overexpression of ATBF1 in T-47D cells, as verified by Western blotting (E), significantly inhibited E 2 -driven transcription of ER target genes (D) and estrogen-responsive reporter activity (F). FLAG-ATBF1 plasmid was used to restore ATBF1 expression with FLAG-pcDNA3 as the control. E 2 treatment was at 1 M, and its vehicle alcohol was used as the control. n.s., not significant. *, p Ͻ 0.05; **, p Ͻ 0.005. OCTOBER 22, 2010 • VOLUME 285 • NUMBER 43
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domains of ER, the DNA binding domain (DBD/ER2) and ligand binding domain/activation function domain 2 (LBD/AF-2/ER4), showed positive interactions with ATBF1, whereas the AF-1, hinge, or F domain did not ( Fig. 5B and supplemental Fig.  S2, A and B) . Both the DBD and LBD/AF2 domains are frequently involved in the interaction of ER with its coregulators (19) . These mapping data for interacting domains further indicate that ATBF1 interacts with ER regardless of E 2 .
ATBF1 Inhibits ER Function by Selectively Competing with AIB1 for Binding to ER-We explored the mechanism by which ATBF1 inhibits the ER function. ATBF1 protein contains one consensus NR binding motif (LXXLL) and 31 of its LXXXL variants; one of the three ATBF1 deletion mutants that still interact with the ER contains the consensus LXXLL motif and four of its variants (Fig. 5A) . A previous study showed that all three SRCs, including AIB1, SRC1, and GRIP1, are both necessary and sufficient to initiate ERmediated gene transcription, and all need the consensus LXXLL motif for their binding to ER (9) . We reasoned that ATBF1 might compete with SRCs for their binding to ER to thus block the ER function. In testing this hypothesis, we first performed co-IP experiments to examine whether ATBF1 competed with all three SRCs for their binding to ER (Fig. 6A) . Interestingly, expression of ATBF1 decreased the amount of ER that was pulled down by the antibody against AIB1 but not by those against GRIP1 or SRC1 (Fig. 6A) . These results suggest that ATBF1 can selectively compete with the ER coactivator AIB1 for binding to ER and thus inhibit the ER function. The interaction between ATBF1 and all three SRCs was not detectable under the same co-IP condition (data not shown).
We then performed ChIP assays to further evaluate whether ATBF1 completed with SRCs for their binding to ER in promoters of the ER target genes, CATD and EBAG9. Both MCF-7 and T-47D cell lines treated with or without E 2 were used in ChIP experiments. Although MCF-7 cells were transfected with siRNA against ATBF1 to knock down ATBF1 expression or with siRNA against the luciferase gene as a control, T-47D cells were transfected with the ATBF1 expres- 
. Detection of protein-protein interactions between ATBF1 and ER by both IP and GST pulldown assays.
A, ATBF1 and ER double-negative 22Rv1 cells were cotransfected with FLAG-ATBF1 and pCMV-ER plasmids, and cell lysates were precipitated with anti-FLAG affinity gel and immunoblotted (IB) with anti-ER antibody. B, T-47D cells, which express endogenous ER, were transfected with FLAG-ATBF1, and cell lysates were precipitated with anti-FLAG affinity gel and blotted with anti-ER antibody. C, cell lysates from MCF-7 cells, which express both ATBF1 and ER, were precipitated with anti-ATBF1 antibody against amino acid residues 1-160 and blotted with anti-ER antibody. Cells were treated with 1 M E 2 or its vehicle alcohol. The expression of ATBF1 and ER in cell lysate was confirmed as shown in the lower two panels in A-C. D, in vitro translated 35 S-labeled ER protein was pulled down by GST-ATBF1D3 recombinant protein in a GST pulldown assay. ATBF1D3 is one of the deletion mutants of ATBF1 protein that interacts with ER protein.
FIGURE 5. Mapping of interacting domains in ATBF1 (A) and ER (B) proteins by co-IP assays.
A, summary of the mapping results for different deletion mutants of ATBF1. Full-length ATBF1 protein (residues 1-3703) is shown at the top, with the consensus LXXLL NR motif marked by a black box and 31 LXXXL variants marked by gray boxes. B, summary of mapping results for ER deletion mutants interacting with ATBF1. Full-length ER protein is shown at the top with different domains indicated. Black and white bars indicate positive and negative interactions with ER, respectively, with the name of each mutant and the residues spanned shown to the right of each bar. The results of co-IP and Western blotting for both panels are shown in supplemental Figs. S1 and S2. sion plasmid to express ATBF1 or with a vector control. Consistent with co-IP results (Fig. 6A) , knockdown of ATBF1 expression in MCF-7 cells increased, whereas expression of ATBF1 in T-47D cells decreased, the amount of promoter DNA bound by AIB1 but not promoter DNA bound by GRIP1 or SRC1 (Fig. 6B ). As reported, no obvious promoter occupancy was detected for any of the SRCs when E 2 was absent (Fig. 6B) . These results further support the notion that ATBF1 selectively competes with AIB1 for inhibiting ER function.
We also examined whether ATBF1 modulated the recruitment of ER onto estrogen-responsive elements in promoters of its target genes by ChIP assays in the same cell systems. Interestingly, modulation of ATBF1 expression in either MCF-7 or T-47D cells did not affect the binding of ER to promoters of CATD and EBAG9 (Fig. 6B, far right  panels) . These results suggest that, although it affects the binding of AIB1 to ER and gene promoters, ATBF1 does not directly interfere with the binding of ER to gene promoters.
To functionally evaluate whether ATBF1 suppresses the SRC-mediated transactivation activity of ER, an expression plasmid for each of three SRCs was cotransfected with plasmids for the ERE-TK-Luc estrogen-responsive promoter reporter and ATBF1 into T-47D cells cultured in normal media with hormones from normal FBS. Luciferase assay was then performed. Expression of ATBF1 significantly inhibited the AIB1-enhanced ER-mediated reporter activity but not that enhanced by GRIP1 or SRC1 (Fig. 6C) .
Considering that SRCs form heterodimers, either as AIB1⅐GRIP1 or AIB1⅐SRC-1, to bind to and modulate ER transcriptional activity (10), we also tested the effect of ATBF1 on the transcriptional activity of ER enhanced by a combination of two SRCs using the same assay. When a combination of any two SRCs was expressed, ATBF1 still inhibited ER-mediated reporter activity when AIB1 was involved (either AIB1⅐GRIP1 or AIB1⅐SRC1) ( Fig. 6D ). ATBF1 had little effect when GRIP1 and SRC1 were co-expressed (Fig. 6D ). Consistent with a previous report (42) , each of three SRCs or a combination of any two significantly enhanced the estrogen-responsive reporter activity (Fig. 6, C and D) . These results further support the notion that ATBF1 inhibits the ER function by selectively competing with AIB1 for binding to ER.
DISCUSSION
In this study, we have demonstrated that ATBF1 significantly inhibits the ER function by selectively competing with AIB1 for binding to ER in ER-positive breast cancer cells. The inhibitory FIGURE 6. Competition of ATBF1 with AIB1 but not GRIP1 or SRC1 for binding to ER. A, expression of ATBF1 decreased the amount of AIB1-bound ER (left panel) but not GRIP1-or SRC1-bound ER (middle and right panels). Plasmids for SRCs, ER, and ATBF1 were cotransfected into 22Rv1 cells, and co-IP and immunoblotting (IB) were performed with affinity gels as indicated. Input, indicates samples without co-IP. B, knockdown of ATBF1 in MCF-7 cells increased and expression of ATBF1 in T-47D cells decreased the binding of AIB1, but not that of GRIP1, SRC1 or ER, to promoters of two ER target genes, CATD and EBAG9, as detected by ChIP assays. Cell line names are indicated at the left, gene names at the right, antibody names and cell treatments at the top, and names of molecules examined at the bottom of the panels. Normal IgG was used as the negative control for antibodies against AIB1 (aAIB1), GRIP1 (aGRIP1), SRC1 (aSRC1), and ER (aER). Alcohol was used to dissolve E 2 and as the negative control for E 2 . H 2 O was used as the negative control for PCR. Human ␤-actin gene was used as the negative control for ER target genes. The C indicates negative controls for transfection of siRNA against luciferase gene in MCF-7 cells or FLAG-pcDNA3 vector control plasmid in T-47D cells, and T indicates transfection of siRNA against ATBF1 in MCF-7 cells or FLAG-ATBF1 plasmid in T-47D cells. Input indicates cell lysates not subjected to ChIP. E 2 treatment was at 1 M. C, expression of ATBF1 inhibited AIB1-enhanced ER activity (left), but not that by GRIP1 (middle) or SRC1 (right), as determined by luciferase reporter assays in T-47D cells transfected with the indicated plasmids. D, ATBF1 inhibited AIB1⅐GRIP1 (left)-or AIB1⅐SRC1 (middle)-but not GRIP1⅐SRC1-enhanced (right) ER activity. n.s., not significant. **, p Ͻ 0.005. OCTOBER 22, 2010 • VOLUME 285 • NUMBER 43 JOURNAL OF BIOLOGICAL CHEMISTRY 32807 effect was detectable only when both E 2 and ER were present. Because ER signaling is oncogenic to the mammary gland and other types of tissues, these results support the notion that ATBF1 is a tumor suppressor gene in human cancer, which was suggested in previous studies showing frequent genomic deletions of the ATBF1 locus in human tumors including breast cancer, frequent somatic mutations of ATBF1 in prostate cancer, the inhibition of cell proliferation by ATBF1 in prostate cancer cells, and an association of germ-line mutations of ATBF1 with an increased risk of prostate cancer (21, 22) . In particular, although ATBF1 is not frequently mutated in breast cancer (23) , it is significantly down-regulated in breast cancer, and the transcriptional down-regulation is significantly associated with a poorer survival in patients with breast cancer (23, 26) . Therefore, although the mechanism for the transcriptional down-regulation of ATBF1 is not understood at present, such a down-regulation could lead to hyperactive ER function, thus contributing to the development and progression of breast cancer.
ATBF1 Inhibits ER Function
As a nuclear receptor, ER exerts its function by regulating the expression of target genes (9) . Considering that ATBF1 is also a transcription factor that functions in the nucleus, it is likely that ATBF1 inhibits ER function by inhibiting the expression of its target genes. Our results support this hypothesis. Knockdown of ATBF1 expression in MCF-7 cells increased (Fig. 3A) , but reconstitution of ATBF1 in ATBF1-negative T-47D cells decreased, E 2 -mediated expression of ER target genes (Fig. 3D) . The same function of ATBF1 was also detected when an estrogen-responsive luciferase reporter was applied (Fig. 3, C and F) .
As to how ATBF1 modulates the ER function, our results suggest that ATBF1 interacts with ER at the protein level, and such an interaction interferes with the recruitment of the ER coactivator AIB1 to ER. In ER-positive breast cancer cells, binding of E 2 to ER leads to conformational changes in ER, resulting in the recruitment of coactivators such as AIB1, GRIP1, and SRC1, as well as corepressors, to ER and regulation of gene transcription (43) . Our extensive IP experiments demonstrated that not only full-length ATBF1 but also its three small deletion mutants, involving residues 1801-2050, 2101-2300, and 3161-3280, interacted with ER ( Figs. 4 and 5 ). In addition, IP experiments showed that both the DBD and LBD of ER were involved in the interaction (Fig. 5B ). Furthermore, the interaction appears to be direct and independent of DNA and other transcription factors, as in vitro synthesized ER and ATBF1 deletion mutant also interact with each other in the cell-free GST pulldown assay (Fig. 4D ). It is also worth noticing that the interaction between ATBF1 and ER is E 2 -independent, because E 2 treatment was not essential for ATBF1 to form a complex with ER ( Figs. 4 and 5) .
The binding of ATBF1 to ER interfered with the binding of AIB1 but not GRIP1 or SRC1 to ER, resulting in a repression of the E 2 -induced transactivation activity for ER target genes. First, ATBF1 was not released from E 2 -bound ER, as the interaction between ATBF1 and ER was still detected in the presence of E 2 (Fig. 4) . Second, among all three SRC members that share nuclear receptor binding motifs with ATBF1, only the binding of AIB1, but not that of GRIP1 or SRC1, to both ER (Fig. 6A ) and promoters of ER target genes (Fig. 6B) was decreased by ATBF1. Consistently, only the transactivation activity of AIB1, but not that of GRIP1 or SRC1, was decreased by ATBF1 ( Fig. 6,  C and D) . We noticed that the inhibitory effect of ATBF1 on cell growth and proliferation was significant only when ER was activated. When E 2 was absent from the media, ATBF1 had little effect. Such an E 2 -dependent inhibitory effect of ATBF1 is in accordance with the role of AIB1 in the ER-mediated gene transcription (42) . These results provide a mechanism for how ATBF1 inhibits the ER function.
ATBF1 is expressed in normal breast tissues, but its expression is often reduced in breast cancer (23, 26) . The ATBF1 locus is also frequently deleted in breast cancer (44) , which could also compromise the function of ATBF1 by reducing its expression and/or revealing mutations. Taken together with the fact that ER signaling is oncogenic to the breast, it is likely that down-regulation of ATBF1 could lead to an enhanced ER function, thus accelerating the development and progression of breast cancer. A previous study demonstrated that ER-positive breast cancers express a higher level of ATBF1 mRNA compared with ER-negative breast cancers (26) . Although the underlying mechanism and significance for this correlation is currently unknown, it is possible that cells express more ATBF1 to balance or better control the ER function when the ER function becomes higher.
AIB1 is a well established ER-interacting nuclear oncoprotein in breast cancer (16) . AIB1 is the only SRC family member that is strongly amplified and overexpressed in human breast cancer and is implicated in tamoxifen resistance (11) (12) (13) (14) (15) . Depletion of AIB1 in MCF-7 cells reduces estrogen-mediated cell growth, inhibition of apoptosis, colony formation in soft agar, and tumor growth in nude mice (45) . Overexpression of AIB1 alone transforms human mammary epithelial cells (46) . Transgenic overexpression of AIB1 in mice induces mammary tumors (18) , whereas knock-out of AIB1 in mice delays mammary ductal growth and protects the mammary gland from carcinogen-induced tumorigenesis (47) . Overexpression of AIB1 reduces the antagonist activity of tamoxifen-bound ER; breast cancers with high levels of AIB1 and HER-2/neu are resistant to tamoxifen because of an increase in estrogen agonist activity (12, 48) . Therefore, our results in this study suggest that functional inactivation of ATBF1 by genomic deletion, transcriptional down-regulation, or other mechanisms could lead to increased AIB1 activity and thus cause phenotypic alterations similar to those induced by AIB1 overexpression in the development and progression of breast cancer as well as hormone resistance in the therapy of breast cancer. In this regard, we have developed a mouse model in which ATBF1 can be specifically knocked out in mammary epithelial cells, and we initiated investigations on whether deletion of ATBF1 enhances cell proliferation and causes mammary tumors as transgenic overexpression of AIB1 in mice does. Knock-out of Atbf1 at least significantly increased cell proliferation of mammary epithelial cells and enhanced mammary gland duct branching. 3 In summary, we found that ATBF1 inhibited ER-mediated cell growth and proliferation as well as gene transcription by 3 M. Li, X. Y. Dong, X. Sun, and J. T. Dong, unpublished data.
selectively competing with AIB1 for binding to ER. These findings support the notion that ATBF1 is a tumor suppressor in breast cancer and that ATBF1 is a negative regulator of ER in the development and progression of breast cancer. Figure S1 . Co-IP and western blotting results for the interaction of ATBF1 deletion mutants with the ER protein. FLAG-ER and HA-ATBF1 deletion mutant plasmids in panelsf A, B, C and D were simultaneously cotransfected into 22Rv1 cells, which were then simultaneously subjected to co-IP with anti-FLAG affinity gel (aFLAG) and western blotting with anti-HA antibody (aHA). (A) Among six overlapping deletion mutants that span the entire ATBF1 coding region, ATBF1D and ATBF1F interacted with ER but not ATBF1A, ATBF1B, ATBF1C or ATBF1E. (B) Both ATBF1D1 and ATBF1D2 deletion mutants that overlap and span the full ATBF1D interacted with ER while only ATBF1F1 interacted with ER among two overlapping deletion mutants that span the full ATBF1F. (C) Among five overlapping deletion mutants that span the full ATBF1D, ATBF1D3, ATBF1D4 and ATBF1D6 interacted with ER but not ATBF1D5 or ATBF1D7. (D) Among four overlapping deletion mutants that span the full ATBF1F1, ATBF1F6 interacted with ER but not ATBF1F3, ATBF1F4 or ATBF1F5. Figure S2 . Co-IP and western blotting results for the interaction of ER deletion mutants with ATBF1. HA-ATBF1 and FLAG-ER deletion mutant plasmids in panels A and B were simultaneously cotransfected into 22Rv1 cells, and lysates were simultaneously subjected to co-IP with anti-HA affinity gel (aHA) and blotted with anti-FLAG antibody (aFLAG). (A) Both ERN and ERC deletion mutants that overlap and span the entire ER protein interacted with ATBF1. (B) Among five domains of ER, including AF-1/ER1, DBD/ER2, hinge/ER3, LBD/AF-2/ER4 and F domain/ER5, domains of DBD/ER2 and LBD/AF-2/ER4 interacted with ATBF1.
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